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Abstract

The interaction between Bovine Pancreatic Trypsin Inhibitor and thiocyanate was studied using NMR spectroscopy
following several experimental approaches. The chemical shift variations of the BPTI protons in the absence and in the
presence of increasing thiocyanate concentrations (up to 0.2 M) were significant (> 0.05 ppm) for 30 protein protons
belonging to 20 residues. The largest deviation, 0.2 ppm, was observed for the amide backbone proton of Arg42 in the
absence of thiocyanate and in the presence of 40 molar equivalents of thiocyanate. The influence of the presence of
thiocyanate on the electrostatic potential surrounding the protein was demonstrated by NOESY spectra selective at the water
frequency: the presence of SCN™ favours acid catalysed exchange and disfavours base catalysis. However, a specific effect
of thiocyanate was pointed out since the comparison of the chemical shiftsin the presence of 40 molar equivalents of KSCN
and KCl, respectively, showed much more as well as larger deviations compared to measurements in the absence of sat. A
dissociation constant, Ky, for a 1/1 complex between BPTI and thiocyanate was calculated from chemical shifts
measurements: K, =89+ 8 mM. A second value, Ky =99+ 10 mM, was extracted from SC'®N relaxation time
measurements. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The growing of crystals suitable for X-ray diffraction has aways been one of the major barriers to protein
structure determination by this method. Many parameters affect the solubility and the ability of biologica
macromolecules to crystallize. The nature and concentration of salts are among the most influent ones. Indeed,
sats are often used to purify and crystalize biological macromolecules by a salting-out process but their
efficiency to affect protein solubility strongly depends on the nature of the salt. In 1888, Hofmeister [1] ranked
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anions and cations according to their ability to precipitate hen egg white proteins, the major component of which
is ovabumin, pl = 4.6. The Hofmeister series, sometimes called lyotropic series, have been associated with
many biological as well as chemical phenomena and extensively reviewed [2—4].

They were tested in crystallization and solubility studies on several proteins. The relative efficiency of anions
to decrease the solubility of H.l. collagenase at pH 7.2 was recently evauated [5] on the basis of the relative
positions of solubility curves as a function of the ionic strength. The tested anions follow the order of
Hofmeister series, except for phosphate and sulphate. A basic protein, hen egg white lysozyme [6,7], was also
studied at pH 4.5. It was shown that the solubility of lysozyme is also more affected by anions than by cations.
The larger effect of anions may be due to the positive net charge of lysozyme at pH vaues lower than the
isoelectric point (pl = 11.1). The effectiveness of anions and cations in promoting the crystallization of
lysozyme followed the Hofmeister series, yet in the case of anions, the order was reversed. As a consequence, it
seems that the efficiency of anions to promote crystallisation of basic proteins at pH < pl is reversed from the
order given by the Hofmeister series. Leavis and Rothstein [8] studied the solubility of fibrinogen and their work
led to a similar conclusion.

A better knowledge of the relationship between the macroscopic salt effects in protein solutions and their
interactions at a molecular level could help interpreting the experimental results and be a basis for the prediction
of solubility properties of a protein in the presence of a given added agent. Because of the long range nature of
the Coulombic interactions, electrostatics play an important role in anion/protein interactions in solution, in
particular via two distinct phenomena: ion binding [9,10] and modification of the electrostatic potential. lon
binding is mostly related to the hiological function of the protein (ion transport or interaction between the
enzyme and its substrate). It is also likely to take place out of the catalytic site, via the positively charged
residues of the protein. The partial neutralisation of the charges on the protein surface leads to a decrease of the
protein net charge and, consequently, of its solubility. The second effect of the influence of salt refers to their
ability to modify the electrostatic potential in the vicinity of the protein, according to the Debye Huickel theory.
The salt concentration determines the ionic strength of the solution and, as a consequence, the screening effect
on local electrostatic interactions at the protein surface. Christoffersen et al. [11] studied the effect of KCI on the
amide hydrogen exchange of bovine pancreatic trypsin inhibitor (BPTI) by NMR and showed that the NH
exchange rate variations are directly correlated to calculated electrostatic potentials at the protein surface. The
authors [11] concluded that the influence of the salt could therefore be reduced to its presence in the diffuse
layer predicted by the double layer theory.

The proper description of the effect of salt on protein solutions must also take into account the role of water.
Considering a three components system containing water, ion and protein, Arakawa and Timasheff [12]
developed the concept of the preferential binding of the solvent to proteins. According to this theory, an
efficient salting-out agent is excluded from the protein surroundings, resulting in an extra osmotic stress
inducing protein—protein interaction and leading to precipitation. The same effect leads to the lowering of the
molar partial volume of some proteins [13]. Preferential interactions are thus defined in terms of a competition
equilibrium between water and the ligand for a locus on the protein surface. Such a concept underlines the tight
relationship between hydration and direct binding in salt effects [14,15].

One important argument to conclude that interactions between ions and proteins can be neither strong nor
specific is that precipitation or crystallization generally requires a high concentration of added salt (more than 1
M). However, it was found that rather low concentrations of thiocyanate (0.1-0.2 M) induce crystallization of
lysozyme[7] and other basic proteins like erabutoxin [16], BPTI (pl = 10.1) [17] or lysin from spermatozoa[18].
Structure determinations of erabutoxin b [19] and turkey egg-white lysozyme [20] using crystals grown in
presence of thiocyanate show direct evidence for the binding of thiocyanate: in both cases, the thiocyanate ion
lies close to the interface between two symmetry-related molecules (non-crystallographic for erabutoxin) and
form contacts with an arginine.

The present work aims at investigating the influence of the presence of thiocyanate on BPTI solutions using
NMR methods. The selection of BPTI as a model protein was motivated on one hand by the availability of the
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complete NMR assignment of the protein [21] and on the other hand by the special features of BPTI solutionsin
presence of thiocyanate: its solubility is very low and follows the reverse order of the lyotropic series of
Hofmeister. Indeed, Lafont et al. [22] showed that the effectiveness of the anions to decrease the BPTI solubility
decreases following the order: SCN™> Cl~> SO7 ™.

Given that NMR chemical shifts are highly sensitive to perturbation of proton environment, proton NMR
spectra are used here to evaluate the effects of the presence of two different anions, chloride and thiocyanate. A
comparison of the protein proton chemical shifts in solutions containing chloride or thiocyanate at the same
concentration should therefore allow to point out a possible specific influence of SCN™. Relaxation rate of
SC™N~ are measured to quantify this interaction by determining its thermodynamic equilibrium constant.
Finally, we attempt to single out the role of thiocyanate on BPTI hydration and labile proton exchange rates.

2. Experimental
2.1. Sample preparation

2.1.1. Chemicals

BPTI (Trasylol®) was a generous gift from Bayer (Leverkusen, Germany). Deuterium oxide (> 99%) and
enriched KSC™N (at.% of N > 95%) were purchased from Eurisotope. KSCN (analysis grade, Merck) was
used as received. The water used to prepare the solutions was commercially available deionized and three-times
distilled water for injectable purposes (Meram).

2.1.2. Desalting of BPTI

The experimental conditions for desalting BPTI were basically those described by Riés-Kautt et al. [23] for
lysozyme and detailed elsewhere [24]. X-ray fluorescence experiments have shown that desalted BPTI samples
contain less than 0.2 molar equivalent of chloride. No potassium nor calcium ions could be detected by this
method [24]. Desalted BPTI was dissolved in a mixture of water (0.5 ml) and deuterium oxide (60 wl). A 1 M
KSCN solution was added to reach the desired final concentration, in the range from 1 to 40 times the protein
concentration, i.e., from 1 to 40 protein molar equivalents. The pH was adjusted to 4.6 by addition of HCI 0.1 M
(the amount of added chloride anions corresponds to 6 protein molar equivalents). The final BPTI concentration
was around 55 mM, as measured spectrophotometrically at 280 nm using an extinction coefficient
El°m=508x 103 M~ cm™1.

2.2. NMR measurements

2.2.1. *HNMR measurements

Two-dimensional HOHAHA [25] and nuclear Overhauser effect spectroscopy (NOESY) [26] spectra were
recorded for each sample on a Bruker AM400 instrument at 291 K. The mixing times were 80 ms and 200 ms
for the HOHAHA and the NOESY experiments, respectively. Each two-dimensional spectrum was collected
with 2 K data pointsin t, and 512 data pointsin t,. The sweep width was 4807 Hz. For each t, value, 64 scans
were averaged, except for the sample containing 40 molar equivalents, for which only 32 scans were averaged.
Presaturation was used for H,O suppression during the 1 s relaxation delay. The data were transferred to a IBM
6000 Risc workstation and processed using the GIFA (version 2.5) software [27]. Prior to Fourier transform, the
data sets were multiplied by a pure cosine function in the t; dimension and a square sine function shifted by
7/6 in the t, dimension and then zero-filled to 1 K data points in t;. The final resolution along t, is
approximately 5 Hz (0.012 ppm). Chemical shifts are measured with respect to the chemical shift of HDO set at
4.8 ppm.
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2.2.2. NOESY spectra selective at the water frequency

One-dimensional NOESY spectra selective at the water frequency were taken using the selective excitation
scheme developed by Bockmann and Guittet [28]. The mixing time was set at 100 ms and 120 ms for the spectra
of BPTI in the absence and in the presence of SCN™, to account for the efficiency of the radiation damping
under these conditions. The samples of BPTI aone and of BPTI in the presence of 40 equivalent SCN™
described above were used. Spectra were acquired at a temperature of 291 K using a Bruker 600 MHz
spectrometer equipped with an autoshielded gradient unit. Data were multiplied by cosine functions prior to
Fourier transform. The residual water signal was suppressed using linear prediction of the GIFA program [27].
The interscan delay was 6 s and the total recording time was 50 min.

2.2.3. SC™N longitudinal relaxation time (T,) measurements

The NMR samples containing >N enriched thiocyanate were prepared as described in the previous section
and were transferred to the NMR tubes. The tube content was then degassed with a dry nitrogen flush for at
least 15 min before the tubes were capped. "N NMR measurements were made on a AM400 Bruker
spectrometer operating at 40.554 MHz with D, O for frequency lock. The FIDs were collected as 2 K data points
and the sweep width was adjusted to give a 0.25 Hz resolution.

The T, values for the >N labelled thiocyanate solution were measured by an inversion recovery sequence
(180-4-90-AQ). Typically, 104 vaues were used ranging from 0.01 s to 150 s with a regular spacing in
intensity. For each A value, 16 scans were averaged, with relaxation delays of at least five estimated T, (5 X 50
s). The T, values were extracted by a nonlinear least-square fitting routine provided by Bruker.

3. Results
3.1. Resonance assignments of the 2D 'H NMR spectra

Chemicals shifts were measured on the HOHAHA spectra. NOESY spectra were used to lift ambiguities due
to some chemical shift degeneracies. Resonance assignments of BPTI at 291 K were obtained starting from the
previously published assignments at 309 K [21]. Thanks to this information, the chemical shifts of most BPTI
protons have been determined. However, no crosspeaks could be assigned to any protons of the Argl and Prol3
residues. Several side-chain protons are also missing: CH,, of Asn44, GIn31, Phe33 and Tyr35, CH,; of Arg20,
11€29 and Arg53, CH,, of Ilel8 and Ilel9 and CH, of Met52. The explanation for some of these missing
crosspeaks was the overlap of the Ha protons with the H,O signal. Increasing the temperature from 291 to 309
K allows to recover the signal measured by Wagner at the same temperature. The NH proton of Gly37 is
missing in Wagner's data and was assigned at 8.83 ppm. Three additional protons of the side-chain of Lysl5
could also be identified at 291 K. The most significant gap between the two data sets is observed for one of the
CH_, proton of Cys28 at 3.63 ppm instead of 3.91 ppm in the work of Wagner. It can be noticed that chemical
shift variations larger than 0.1 ppm were found between the two data sets for one third of the NH protons and
that in all cases, the signal shifted to lower field at 291 K as compared to 309 K due to a smaller thermal
motion.

3.2. Chemical shift variations of BPTI protons in the presence of thiocyanate

We measured the chemical shift variations of BPTI protons as a function of the concentration of thiocyanate.
Four thiocyanate concentrations were used: 1, 10, 25 and 40 molar equivalents (0.05 to 0.2 M). For each
thiocyanate concentration, the chemical shift of every proton, whose crosspeak had been assigned, was
compared to its value in a solution of BPTI at the same concentration in the absence of thiocyanate.
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Table 1
Most significant BPTI proton chemical shift variations, (A8 = 8gp1| . anion — Ogpri)s IN the presence and in the absence of 40 molar
equivalents thiocyanate

AS AS
Backbone NH Side-chain H
0.05< A6 <0.07

Charged residues
Argl7 —0.06 —
Arg39 —-0.07 SH
Argd2 -0.20 8H, eH
Argb3 - 2vyH
Lys15 —0.09 yH, 8H
Lys26 - yH, eH
Lys46 —0.06 yH
Glu7 - yH, BH
Glu49 —0.05 yH
Asp50 - BH
Neutral residues
Phed —0.08 -
Leu6 - BH
Pro8 - 6H
Cysl4 — BH
Alalé +0.06 -
11e18 — SH
11e19 —0.05 -
Cys30 -0.10 —
Vva3a —0.05 -
Cys38 — BH
Thr32 —-0.04 -
Alad8 —-0.04 —

BPTI 5.5 mM, pH 4.6, T =18°C.

Among the protons whose chemical shift remained unchanged, one can find most of the buried aromatic
residues of BPTI: Tyr10, Tyr21, Tyr23, Phe22 and Phed5. This result precludes the possibility of any systematic
error in chemical shift evaluation. A significant (i.e., larger than 0.05 ppm) change in the chemical shift was
observed for 30 protons, which are located on one third of a total of 58 residues. Eleven backbone amide
protons and 19 side-chain protons are concerned. The variation range of the chemical shifts for all protons
remains less than 0.2 ppm and is maximum for 40 molar equivaents of thiocyanate (Table 1). No significant,
i.e.,, superior to the resolution, chemical shift variation was observed between a solution of BPTI without
thiocyanate and a solution containing 1 molar equivalent thiocyanate. When increasing the concentration of
thiocyanate, the deviation became higher than the resolution. Four backbone amide protons are involved in
chemical shift variations larger than 0.07 ppm: Arg42, Cys30, Lysl5 and Phed. For seven other residues, the
variation remained between 0.05 and 0.07 ppm. Two striking features characterize these chemical shift changes.
First, except for the NH group of Alal6, the chemical shift decreased when the concentration of thiocyanate
increased. Second, the backbone amide protons are more affected than side-chain protons, asillustrated in Fig. 1
for Argd2.

However, significant chemical shift changes (> 0.05 ppm) were observed for 18 side-chain resonances. All
charged residues, whose assignment has been at least partly achieved, were concerned, except Asp3 and Arg20.
Five protons belonging to neutral side-chains also showed significant changes, anong them, the C;H protons of
Cysl4 and Cys38. All side-chain proton resonances moved upfield, as shown for Glu7 in Fig. 2.
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Fig. 1. Three-dimensional plot of the variation of the chemical shift of the protons of Arg42 as a function of the thiocyanate concentration.
The BPTI concentration is 5.5 mM. T =18°C and pH = 4.6.

3.3. Chemical shift variations in the presence of KCl

Chemical shift variations of BPTI protons were measured between a 5.5 mM BPTI solution containing O and
40 molar equivalents KCl, in addition to the six eguivaents used for pH adjustment, also present in the
thiocyanate solutions. Only two protons exhibited chemical shift variations higher than 0.04 ppm. The chemical
shift of one of the H, protons of the side-chain of Lysl5 increased by 0.05 ppm after adding 40 molar
equivalents KCl to the BPTI solution. The second change had a greater amplitude: 0.07 ppm chemica shift
variation was measured for the backbone amide proton of Arg42.

3.4. Sudy of the hydration and the exchange rates of labile protons

In order to study the influence of thiocyanate on the hydration and on the rates of 1abile protons exchange of
BPTI, one- and two-dimensional spectra selective at the water frequency [29,28] were recorded. In these spectra,
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Fig. 2. Three-dimensiona plot of the variation of the chemical shift of the protons of Glu7 as a function of the thiocyanate concentration.
The BPTI concentration is 5.5 mM. T =18°C and pH = 4.6.
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Fig. 3. Water selective NOESY spectra recorded at 293 K using the samples described in the text in the absence of thiocyanate (A) and in
the presence of 40 equivalents thiocyanate (B). Resolved resonances are assigned. Experimental parameters are described in Section 2.

11 10 9

only the resonances taking their origin at the water frequency are observable, they step from NOE interactions
between protein protons and internal water molecules and exchange of |abile protons with water. Fig. 3 shows
the NOESY spectra selective at the water frequency for BPTI alone (Fig. 3A) and in the presence of 40
equivalent thiocyanate (SCN ™) (Fig. 3B).

The most striking difference between the two spectra is the variation of the intensities of the hydroxyl proton
exchange peaks. The resonances of Tyr10, Thrll, Tyr21 and Tyr23 hydroxyl protons are much broadened or no
longer observed upon addition of salt; in contrast, Tyr35 still shows a narrow exchange peak, but of weaker
intensity. This indicates that exchange of this proton is somewhat slowed down. On the other hand, the
broadened resonances of the first four hydroxyl protons indicate accelerated exchange (in contrast to our
preliminary interpretation [28]). These four protons have been shown to exchange by acid catalysis at pH 4.5
[30]. The hydroxyl proton of Tyr35 is the only one exchanging by base catalysis at this pH, this is due to the
restricted access to its hydroxyl oxygen which makes acid catalysis unfavourable [30].

The salt effects are al'so observable in 2D NOESY —-TOCSY spectra selective at the water frequency taken in
absence and in presence of 40 equivalent SCN™ [28]. Several observations could be made and can be
summarised as follows. The crosspeaks between hydroxyl protons of Thrll and Tyr23 and nearby (d < 3 A)
aliphatic protons are getting more intense in the presence of SCN ™, as expected for accelerated exchange. The
intensity of the crosspeak between the hydroxyl proton of Tyr35 and its B-proton is not much atered by the
presence of the salt. Crosspeaks with the hydroxyl protons of Tyr10 and Tyr21 are not observed.

As no externa reference was used to calibrate the peak intensities, only relative changes in crosspeak
intensities can be reported. Compared to the crosspeaks with the hydroxyl protons of Thrll and Tyr23,
crosspeaks between protein protons and protons of internal water molecules do not show the same increase in
intensity. Most show a behaviour similar to that of the crosspeak between Tyr35 and its B-proton; the weakest
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crosspeaks disappear upon addition of salt. The NH3 protons of lysines 26, 46, 15 and 41 give by far the
strongest crosspeaks in the spectra. Their exchange rates seem not to be influenced by the presence of
thiocyanate as indicated by the nearly unaltered intensities of the observed cross signals. In the 2D spectra, the
crosspeaks of the CH;, and CH,, protons of Lys15, Lys26 and Lys46 change from negative in the absence of
SCN™ to positive in the presence of 40 equivalent SCN~. Two different phenomena can contribute to the origin
of these crosspeaks: direct NOE with water giving rise to positive or negative NOEs crosspeaks, depending on
the residence time of the water molecules, or chemically relayed NOE by interactions with the labile NH3
protons giving rise to positive crosspeaks [31]. The observed signal is the sum of the two contributions. As the
exchange behaviour of the NH protons appears not to be changed, we assume that the contribution from
chemically relayed NOE is till the same, while the amount of direct NOE is reduced. The change in sign of the
crosspeaks thus seems to indicate reduced residence times of surface water molecules near the lysine side-chains
of Lysl5, Lys26 and Lys46. Other possible interpretations of the changes in sign are variations of intramolec-
ular motions [32] or of geometrical factors governing the water proton /protein proton intermolecular relaxation
[33].

3.5. Determination of a thermodynamic equilibrium constant

35.1. From 'H NMR data analysis

In an attempt to quantitatively address the problem, we considered that the interaction between BPTI and
thiocyanate responsible for the Argd2 NH chemical shift variation can be described as a binding of the anion to
the protein according to the following equilibrium:

BPTI + SCN™ <« BPTI(SCN™) (1)
with

_ [BPTI][SCN"]

= 2
®  [BPTI(SCN™)] (2
Kp is the dissociation equilibrium constant. The NH Arg42 chemical shift variations were analyzed according
to a two-site model which assumes that the experimental chemical shift is the sum of two chemica shifts, one
for the Argd2 NH when it interacts with SCN™, 6,,,,4, and a second for the Argd2 NH when it is free in
solution, &;... This model is described by the following relationship:

Bobs = Xpound Obound T Xree Ofree (3)

where 8, is the observed chemical shift at a given concentration of SCN™. Where Xp,,,q ad X are the
molar fractions of the bound and free BPTI, respectively. & is determined experimentally. Taking material
balances into account, molar fractions can be expressed as a function of K, and E, and S,, the total
concentrations of BPTI and thiocyanate in solution, respectively. Finaly, 8., can be expressed as:

(Bbouns = Bree) X { (S By +Kp) = (S = Eg +Kp) + 4K By |
2E,
A four experimental data set was fitted to this equation to determine K, and &,,,,4- Fig. 4 shows a plot of

the variation of the chemical shift of the amide proton of Arg42 as afunction of SCN~ concentration. The solid
line is the best theoretical fit of the data to Eq. (4), giving K, =89+ 8 mM and §,,,,4 = 8.12 + .0.1 ppm.

6obs = 8free +

(4)
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Fig. 4. Comparison of experimental (symbols) and simulated data (solid line) for the chemical shift variation of NH Arg42 as a function of
KSCN concentration. T = 18°C, pH = 4.6.

3.5.2. From SC'®N ~ relaxation times (T,) analysis

Since relaxation parameters correlate with structural features of molecules, and particularly with their
motions, relaxation rate measurements are likely to provide relevant information on changes in the environment
of thiocyanate in the presence of BPTI. The N relaxation time of 0.22 M thiocyanate, pH 4.5 was found to be
rather large: around 74 s, which is consistent with the 80 s relaxation time reported by Crull and Goff (1993)
[36] in @ 0.1 M thiocyanate, pH 6.8. In the present work, 0.22 M SC™N solutions were titrated with various
amounts of BPTI (0.01 to 4.3 mM) at pH 4.5. Fig. 5 shows that the relaxation time of thiocyanate strongly
decreased at increasing concentrations of BPTI, down to 10 s at a 4.3 mM BPTI concentration. Assuming a
two-state model, the observed relaxation rate can be expressed as:

Robs = Xbound * Rbound T Xfree Riree (5)

with R=1/T, being the °N relaxation rate.

T1 (second)
»
o

BPTI concentration (mM)

Fig. 5. Relaxation times of SC'®N at 18°C and pH 4.6 as a function of BPTI concentration. The concentration of KSCN was 0.22 M. The
solid line represents the nonlinear least square best fit of the data. The relaxation time of 0.22 M SC™N at 18°C and pH 4.6 in the absence
of BPTl isat 74 s.
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Again, the complexation process described by Eq. (1) is assumed to occur. From mass balances and Egs. (2)
and (5), R, can be expressed as a function of E;, S, respectively, the total concentrations of BPTI and
thiocyanate and two parameters Ky, Ryqung:

(Runa = Riree) X {(S+ Eo + Kp) = (Ey— S + Kp)? + 4K, Ey |
28

The two parameters were adjusted from Eq. (6) by minimization of the difference between calculated and
experimental R, values. The best fit was obtained with K, =99 mM and T, ,,,.q = 0.136 s with a relative
standard deviation of 10.6%.

Robs = I:zfree +

(6)

4, Discussion

Measurements of chemical shift variations of BPTI protons in the absence and in the presence of increasing
thiocyanate concentrations (up to 0.2 M) showed that the chemical shifts of 30 protons belonging to more than
one third of the residues were affected by the presence of the salt. However, the chemical shift variations
measured in presence of 40 molar thiocyanate equivalents remain rather weak: the largest deviation is 0.2 ppm
for the amide backbone proton of Arg42. The second most important one is less than one half: 0.09 ppm for the
amide backbone proton of Lys46. Most of the significant chemical shifts changes (> 0.05 ppm) are less than
0.07 ppm. These results, in addition to the fact that no significant modification of the NOESY maps in terms of
crosspesk intensities, demonstrate that the solution structure of BPTI is not significantly affected by the
presence of SCN ™. The same observation was reported by Christoffersen et al. [11] in a study on the effect of
KCl on the hydrogen exchange in BPTI.

4.1. Evaluation of the effects of the variation of the electrostatic potential

In a recent publication, Christoffersen et al. [11] studied the influence of increasing KCI concentration on
BPTI, which is a system very close to ours. He pointed out a very good correlation between the salt effect on
proton exchange (measured as the slope of the variation of some BPTI amide protons exchange rate against the
salt concentration) and the local electrostatic potential at the surface (calculated from the Poisson—Boltzman
equation and using crystallographic coordinates). The correlation was also verified for buried amide protons,
leading again to the conclusion that the mechanism of hydrogen exchange does not require any deviation from
the crystal structure and, as a consequence, that salt concentration variations do not induce any conformational
modification of the protein. This result appears not to be verified for all proteins (for example, a-chymotrypsin
was shown to be a salt-dependent equilibrium mixture of active and inactive conformers in solution [34]), but is
verified here with SCN™ replacing Cl~. In addition, the present study seems aso to corroborate their
observation on the proton exchange but seen from the fast exchanging protons. Namely, NOESY spectra
selective at the water frequency show that the same salt effects are observed in the presence of KCI or KSCN:
acid-catalysed exchange of hydroxyl protons is favoured in the presence of salt and base catalysed exchange is
slowed down. The observed phenomenon can be explained by the salt-dependent polarization of the solution
surrounding the protein; an increase in the ionic force in the presence of SCN ™~ favours acid-catalysed exchange
and unfavours base catalysis. The effect observed upon addition of SCN™ is comparable to the one observed
when lowering the pH [30]. The BPTI spectrum in the presence of 40 equivalent SCN™ at pH 4.5 is very similar
to the spectrum of BPTI observed at pH 3.2.

Chemical shifts are sensitive to the €electric field, and could be good reporters for its variations. To test
whether the observed chemical shift variations where only due to a screening effect, the BPTI protons chemical
shift variations in absence and in presence of 40 molar KCI and 40 molar KSCN equivalents were compared.
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Only two significant (> 0.05 ppm) changes were observed with 40 molar KCI equivalents: the lowering of the
chemical shift of the amide proton of Arg42, 0.07 ppm, and of CH,, of Lysl5, 0.05 ppm. These protons were
also found to be affected in the presence of 40 molar KSCN equivalents but results differ much in terms of
amplitude of the variations: chemical shift variations are three times larger for NH Arg42 in a KSCN solution
and twice higher for CH., of Lys15. Chemical shift variations can thus be ascribed to two additive effects. The
first contribution arises from the screening effect on the electrostatic field at the BPTI surface while the second
one could account for a more specific effect of the anion used to change the ionic strength, the later effect being
more important for SCN ™ than for Cl ™. This could be interpreted in terms of a greater selectivity of SCN™ for
BPTI.

4.2. Evidences for SCN ~ /BPTI interactions. Evaluation of an affinity constant

To test further this hypothesis, we performed relaxation measurements and chemical shift variation analyses
to unravel possible interactions. A SCN~/BPTI binding constant was extracted from the computer fit of the
chemical shift of Arg42 NH as a function of the total thiocyanate and protein concentrations [35]. SC*®N~
relaxation time measurements were alternatively used to extract the same parameter [35,36]. The two parallel
methods yield K values of respectively 89 + 8 mM and 99 + 9 mM for the binding of SCN™ to BPTI at pH
4.5, assuming a 1:1 binding ratio. The extent of agreement between the theoretical and the experimental results
in both cases as well as the very similar results calculated from experimental results using two different
approaches (fit of chemical shifts variation and relaxation time analysis) suggests that the model used in the
calculations reproduces the essential features of the interaction. The value of the dissociation constant is high,
indicating a low affinity of thiocyanate to BPTI, which contrasts with the ability of this anion to decrease the
solubility of the protein [22]. Rather high values of dissociation constant are also reported in the literature, even
for proteins whose biological function is to interact with inorganic anions. As an example, AEL is a protein
responsible for the tightly coupled exchange of chloride for bicarbonate in the respiratory cycle of the organism.
Chloride and bicarbonate are thus two physiologic substrate for AE1. The dissociation constants determined
from line broadening measurement were K, = 6.9 + 0.9 mM and 74 + 10 mM for, respectively, nitrate, which
is a structural analog of bicarbonate, and chloride [37]. Even more relevant examples—as far as thiocyanate is
concerned—deal with the interaction of thiocyanate with peroxidases, proteins known to catalyse oxidation of
inorganic ions, including SCN~. Chemical shift changes of the proton resonances of the methyl groups 1 and 8
of the heme group of horseradish peroxidase in the presence of various amounts of thiocyanate yielded K
vaues of 166 and 136 mM, respectively [35]. It has aso been shown that SCN ™ interacts with lactoperoxidase,
in the heme pocket of the enzyme, with a Ky =904+ 5 mM [38] or 113 + 10 mM [36] from BN relaxation
measurements. The value of the dissociation constant between thiocyanate and BPTI determined in the present
work are thus strikingly similar to those determined independently by Crull and Goff [36] and Modi et al. [38]
for the thiocyanate/lactoperoxidase complex.

4.3. Is a direct interaction between BPTI and thiocyanate plausible?

Many of the BPTI protons for which chemical shifts were found to significantly vary in presence of KSCN
belong to the side-chain of basic residues. Thus, SCN~/BPTI interactions are likely to occur by an electrostatic
interaction leading to a partial charge neutralization. However, about one fourth of the backbone amide protons
as well as five neutral side-chain protons are also affected by the presence of thiocyanate and this sole
interaction cannot account for al the observed effects. Thiocyanate possibly interacts with some protein
hydrogen donors such as main chain amide protons [39].

The localization of the protons involved in chemical shift changes in the three-dimensional structure of the
protein is also of interest. Three different domains at the protein surface are concerned. A first set comprises
residues 14 to 19 and residue 38 near the active site. This could be associated with a conformational flip of the
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Fig. 6. Localization of the internal water molecules in BPTI spatially correlated to some of the residues having important chemical shift
variations on the three-dimensional structure of BPTI. Crystallographic data 4PTI.

Cys14—Cys38 disulphide bridge which has been observed in previous NMR measurements [40]. The second
group, including Phed4, Arg42 and Glu7, lies at one end of the antiparallel B-sheet, near the loop formed by
residues 25 to 28. Finaly, the third one includes three residues belonging to the C-terminal a-helix: Lys46,
Glu49 and Asp50. According to Chakrabarti [39] who analyzed sulphate and phosphate binding sites in 34
proteins, such structural patterns (namely peptide NH groups or peptides at the N-terminus of helix, as well as
near B-turns) are likely to be suitable environments for anion binding. However, it must be noticed that, in case
of BPTI the localisation of the two phosphate ions are somewhat different: one lies at the side-chain extremity
of Arg20 whereas the second one is close to the hydroxyl group of Tyr35.

Fig. 6 shows that the chemical shift changes implicate residues close to the four internal water molecules of
BPTI. These internal water molecules have been described in the BPTI crystallographic structure [41] and were
also observed by NMR [42]. One lies in a pocket near the 14—38 disulphide bridge. The others are located in a
cleft between residues 8 to 10 and residues 40 to 44. The bottom of the cleft is occupied by the aromatic ring of
Phe33. This cavity containing the internal water molecules is open to the solvent when the side-chain of Glu7 is
in one of its alternate conformations [43]. This site is thus exposed to solvent property changes while being quite
structured since two of the inner water molecules are tetrahedrally coordinated. Since ion binding to protein has
been very often correlated to hydration phenomena [44], we attempted to get an insight on the influence of
thiocyanate on BPTI hydration state by studying the residence time of water molecules in the protein vicinity.
However, 2D NOESY-TOCSY spectra selective at the water frequency in the presence or absence of 40
equivalents thiocyanate do not alow to observe significative changes in the crosspeaks between protein protons
and the protons of internal water molecules. These observations seem to indicate that no or only a weak
influence of thiocyanate on the residence times of internal water molecules. Unfortunately, at present, there is
no method available allowing an accurate estimation of the influence of external parameters on residence times
of internal water molecules [45,46] that could confirm that observation.

5. Conclusions

The present NMR study of the influence of SCN™ on BPTI in solution leads to the following conclusions.
(1) The influence of salts can be described in terms of two different contributions: modification of the
electrostatic potential at the protein surface and local interactions with BPTI.
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(2) The modification of the electrostatic potential at the protein surface is confirmed by the observed
exchange rate variations of hydroxyl protons of BPTI. The correlation between the type of catalysis and the
changes in exchange rates observed for the hydroxyl protons in the presence of SCN™ correspond to those
observed for slow exchange rates of amide protons in the presence of Cl~ [11]. To evaluate possible inherent
effects of SCN ™, it would be interesting to compare the effects of SCN~ on the exchange rates of the hydroxyl
protons to those induced by other salts to assess whether or not the observed effects originate exclusively from
changes in the electrostatic potentials, and to analyze the effect of thiocyanate on the exchange rate of the
slowly exchanging amide protons.

(3) A specific effect of thiocyanate was observed from chemical shift measurements and relaxation
measurements. The dissociation constant for the interaction of SCN™ with BPTI, as measured at pH 4.5 by two
paralel methods (fit of chemical shifts variation and relaxation time analysis) is rather high (89 + 8 mM and
99 + 9 mM, respectively), indicating a low affinity of thiocyanate to BPTI.

(4) The corresponding interaction sites are not limited to the basic side-chains but also implies several sites
on the protein surface.

The results can be interpreted according to the binding theory developed for colloid solutions and then
applied to protein solutions [47]. The binding can be explained by a simple two-state model in which ions bind
in two different loci, one locus being the surface itself, which may or may not contain different binding sites,
the second locus being the diffuse part of the double layer. Depending on the system, binding in one locus is
preferred over binding in the other.
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